Cell polarization is often accompanied by cytoskeletal rearrangements. Two signalling proteins, a GTPase and a kinase, are required for both actin and microtubule rearrangements. Are these two systems coupled?
The polarization of an individual cell is both the cause and the consequence of the nonuniform distribution of specific molecules and structures. For example, the Drosophila embryo develops anterior-posterior polarity because the oocyte from which it is derived has bicoid mRNA localized to its anterior end and oskar mRNA localized to its posterior end [1] . How do these morphogens themselves become asymmetrically distributed? From a reductionist viewpoint, there must be a signal that instructs the cell in which direction to polarize. A signal transduction pathway then communicates the signal to the interior of the cell. Eventually, some of the cell contents are redistributed and the cell becomes polarized. Because the polarity of a single cell can dictate the polarity of an entire organism, an initial polarization can cause a chain reaction of downstream consequences, causing many other structures to become distributed nonuniformly.
One clear manifestation of cell polarity is the nonuniform distribution of the cytoskeleton. Both the actin network and the microtubule array facilitate the polarization of other cellular components. A number of examples of polarized cytoskeletal systems have been described, but how a polarity-inducing signal leads to the redistribution of either of these cytoskeletal systems is poorly understood. Two recent papers present progress on this front. The first [2] examines the role of the GTPase CDC42 in the process by which a T cell becomes polarized towards an antigen-presenting cell. The second [3] reports the cloning and characterization of PAR 1, a gene that is required for many aspects of polarization in the Caenorhabditis elegans embryo. These papers will be summarized, and the possibility they raise -that there are direct links between the actin and microtubule cytoskeletal systems -will be discussed.
When a helper T cell encounters an antigen-presenting cell, the T-cell receptor binds to peptides presented by major histocompatibility complex molecules on the surface of the antigen-presenting cell, and the T cell and the antigen-presenting cell form a stable cell couplet [4] . At the contact site, filamentous actin accumulates in the T cell, and the microtubule-organizing center (MTOC) of this cell moves close to the site of cell-cell contact. This repositioning of the MTOC causes reorientation of the Golgi apparatus to ensure that the T cell secretes cytokines specifically towards the antigen-presenting cell.
The response of a helper T cell to an antigen-presenting cell comprises similar cytoskeletal changes to those that occur in yeast cells during specification of the site at which the next bud will form [5] . After the bud site is selected, filamentous actin accumulates at cortical sites in the bud and actin bundles are aligned parallel to the mother-bud axis. The MTOC is positioned near the bud site (in yeast, the equivalent of MTOCs are the spindlepole bodies; these microtubule-nucleating centers are embedded in the nuclear membrane). Finally, all secretion and cell-surface growth is directed towards the bud. A hierarchy of GTPases is involved in both the specification of the site at which the new bud will form and the building of a new bud at this site [6] . These GTPases include BUDI, CDC42 and RH01-4. The morphological similarities between polarization of a budding yeast cell and the polarization of a T cell led Stowers et al. [2] to examine whether the similarities extend to the molecular level.
The GTPase chosen for examination was CDC42, a member of the Ras family which is required for yeast cell polarization and is very strongly conserved between yeast and humans. Functional studies of Ras-related GTPases is facilitated by the ability to make mutations that will affect aspects of the GTPase cycle in a predictable manner. Mutations that prevent GTP hydrolysis have a dominantpositive effect, as the GTP-bound form is constitutively active, whereas mutations that prevent GTP binding have a dominant-negative effect, presumably because these mutant forms titrate out activating factors required by the endogenous protein.
To address the question of whether the reorientation of T cells in response to antigen-presenting cells involves CDC42, Stowers et al. [2] simply engineered T-cell lines to produce either wild-type human CDC42, CDC42 carrying an activating mutation, or CDC42 carrying a dominant-negative mutation. The CDC42-transfected cells were mixed with antigen-presenting cells and reorientation of their MTOCs was quantified. T cells expressing wild-type CDC42 protein efficiently reoriented their MTOCs towards the antigen-presenting cell, but T cells expressing either mutant form of CDC42 did not [2] . Cells expressing mutant CDC42 also failed to polymerize actin at the sites of cell-cell contact. However, binding to an antigen-presenting cell nevertheless induced cells expressing mutant forms of CDC42 to produce the cytokine interleukin-2 at normal levels, indicating that a signal from the T-cell receptor had reached the cell nucleus and modulated the transcriptional program.
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This study indicates that an external signal regulates polarized actin polymerization and MTOC orientation through local activation of CDC42. Active CDC42 may accomplish these feats through interactions with multiple downstream effectors. For example, there is evidence that CDC42 interacts with several kinases: a protein kinase binds to and is activated by CDC42 [7] , and a lipid kinase, phosphoinositide (PI) 3-kinase, has also been shown to bind to CDC42 [8] . In the case of T-cell polarization, one essential downstream effector appears to be PI 3-kinase, as specific inhibition of this enzyme also prevents MTOC reorientation [2] .
Although both yeast and T cells have been shown to reorganize their cytoskeletons during polarization, the small size of these cells prevents their use in certain cell biological experiments. A more amenable system for cell biological analysis of cytoskeletal polarization and the consequences of a failure to polarize the cytoskeleton is the early embryo of C. elegans [9] . Fully developed C. elegans oocytes show few signs of polarity, but the embryo becomes dramatically polarized after fertilization. During much of the first cell cycle, most of the components of the embryo -the pronuclei excepted -are distributed uniformly. About 70 minutes after fertilization, however, many components become nonuniformly distributed: actin filaments accumulate on the anterior cortex, and Pgranules, which are putative developmental determinants for the germline, begin to segregate to the posterior end. During the next 30 minutes, the pronuclei fuse and start to form a mitotic spindle, which is ultimately positioned parallel to the anterior-posterior axis, but displaced towards the posterior end. As the position of the mitotic spindle dictates the position of the cleavage furrow, the anterior daughter cell is always larger than the posterior one. Spindle positioning during the first division is not well characterized, but in the next cell cycle the mitotic spindle in the posterior cell undergoes a 90°rotation that is caused by microtubules from one centrosome attaching to a specific site on the cell cortex [10] . Interestingly, brief exposure of the embryo to an inhibitor of actin polymerization prevents all of these movements [11] .
Although some of the cell biological aspects of the polarization of the C. elegans embryo are well characterized, the proteins that orchestrate the polarity are not. Identification of these proteins is most easily accomplished by isolating mutants defective in establishing polarity, genetically mapping the mutations, and then using a variety of criteria to locate the gene in the appropriate region, often by complementation of the mutant defect. This approach was used to clone the PAR1 gene [3] : parl mutants were originally isolated because they exhibit defects in both partitioning of the P granules and orienting the early cytoplasmic divisions [12] . The PAR1 gene is predicted to encode a serine/threonine protein kinase. PAR1 protein was immunolocalized and found to have a striking distribution in the embryo. During the first cell cycle, it is distributed throughout the embryo but, prior to cell division, it becomes progressively localized to the cortical region in the posterior of the cell (see Fig. 1 ). Distributive segregation of PAR1 continues through three subsequent divisions, thereby segregating the majority of the kinase to the presumptive germline. Although there are many examples of protein kinases becoming locally activated, PAR1 represents a rare case in which the kinase itself accumulates locally. Mutant parl alleles containing point mutations in residues critical to kinase activity are properly localized; thus, in the absence of PAR1 kinase activity, most, but not all, aspects of cell polarity are abolished. PAR1 is therefore not the primary determinant of polarity; rather, it is a crucial element of a signal transduction pathway that communicates cell polarity to the cytoskeleton.
A feature shared by the CDC42 GTPase and the PAR1 kinase is that they function in signal transduction cascades that link a determinant of cell polarity with the organization of the cytoskeleton. Inhibition of each of these enzymes causes disruption of both the microtubule array and the filamentous actin cytoskeleton. Are the effects on microtubules and actin independent of each other? Existing evidence makes it seem more likely that these regulatory genes affect the actin cytoskeleton than microtubules. In many systems, manipulation of CDC42 activity causes changes in the distribution of actin without affecting microtubules. For example, microinjection experiments indicate that CDC42 can cause fibroblasts to extend exaggerated filopodia containing large bundles of actin filaments [13] . Similarly, one of the earliest defects observed in parl mutants is that actin accumulates in a much smaller region of the anterior cortex of the cell than in wild-type embryos [14] . Moreover, inhibition of actin polymerization for a brief period during the first cell cycle mimics the parl phenotype in many ways [11] . Finally, association of PAR1 kinase with the cortex is consistent with a role in regulating actin filaments [3] . Although CDC42 and PAR1 could independently regulate both actin and microtubules, a more appealing possibility, and one which is supported by the cortical sites that bind microtubules and reorient the second cleavage in C. elegans, is that there is crosstalk between the actin network and the microtubule array.
There are few proteins known to link the actin network with microtubules. In dividing cells, the position of the actin-rich contractile ring is specified by the microtubules of the mitotic spindle [15] , suggesting that such molecules might exist. Furthermore, analysis of spindle positioning and nuclear migration in budding yeast has suggested a few specific candidates. Several proteins are known to play a role in positioning the mitotic spindle near the bud site. One of these is the microtubule motor dynein [16, 17] . If this motor, which is directed towards the 'minus' (centrosome-proximal) ends of microtubules, were bound to the cell cortex, it could capture a microtubule and so alter the position of an attached MTOC. Dynein appears to function in concert with a complex of eight proteins called the dynactin complex; three components of the complex are actin, actin-capping protein and an actin-related protein [18] . Localized accumulation or activation of an actin-bundling protein that tethers the dynein-dynactin complex to the cortical layer of actin could create a specific cortical site that would reorient a microtubule array. This might be a general function of the dynein-dynactin complex in other organisms as well. In the C. elegans embryo, the actin-capping proteinone component of the dynactin complex -is present at the site of microtubule anchoring to the cell cortex [19] .
Thus, it is possible that mutations in parl, and both overexpression and inhibition of CDC42 activity, prevent formation of these special cortical sites, thereby preventing the attachment of the dynein-dynactin complex and, in turn, proper MTOC reorientation. Although this model accounts for the existing data, it is by no means complete. The mechanism by which CDC42 or any of the Ras superfamily of proteins regulates actin assembly remains absolutely unclear. The substrates of the PAR1 kinase are not known. The binding of dynein-dynactin to actin filaments has not been demonstrated directly. Finally, there is clear evidence that there are other molecules in addition to the dynein-dynactin complex that can orient MTOCs: yeast cells lacking dynein are merely delayed in segregating one of the daughter nuclei to the bud, rather than failing to do so altogether [20] . Members of the kinesin superfamily of motor proteins might also link the cell cortex with the microtubule array, as they have the capacity to bind near the ends of shrinking microtubules [21] .
Cell polarity is a fundamental phenomenon in biology that is caused by the unequal distribution of a few molecules, leading to the nonuniform distribution of many other molecules, enabling cells to execute a wide variety of processes including migration, cell killing and the entirety of development. CDC42 and PAR1 function early in the process of establishing cell polarity by promoting rearrangements of several cytoskeletal systems. The challenge remains to discover how they do what they do, and with whom do they do it.
